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A method for the determination of the herbicides diquat and paraquat in water was developed
using liquid chromatography-(electrospray ionization) mass spectrometry [LC-(ESI)MS]. The
analytes were isolated on an ENVI-8 DSK solid phase extraction (SPE) disk and eluted with
5-M trifluoroacetic acid (TFA). The eluate was evaporated to dryness and the analytes were
redissolved in the mobile phase (7% methanol/93% water/25-mM TFA). The extract was
analyzed by liquid chromatography (C1 column) with postcolumn addition of propionic
acid/methanol followed by (ESI)MS. Diquat was detected using the [M21 2 H1] ion (M21 5
dication) at m/z 183, whereas paraquat was detected using the mono-trifluoroacetate ion pair
[M21/2OOCCF3] at m/z 299. Quantitation was done by isotope dilution mass spectrometry
using d4-diquat and d8-paraquat and the corresponding ions [M
21 2 D1] and [M21/
2OOCCF3] at m/z 186 and m/z 307, respectively. Detection limits of 0.1 and 0.2 mg/L,
respectively (based on the dications), were adequate to meet the Ontario Drinking Water
Objectives of 70 and 10 mg/L, respectively, and the Ontario Provincial Water Quality Objective
for diquat of 0.5 mg/L. Precision and accuracy were 14% and 6% for diquat and 12% and 3%
for paraquat. (J Am Soc Mass Spectrom 1998, 9, 830–839) Crown copyright 1998
The quaternary ammonium compounds diquat(1,19-ethylene-2,29-bipyridylium ion) and para-quat (1,19-dimethyl-4,49-bipyridylium ion) are
commonly used herbicides. Although available as bro-
mide, chloride, and methylsulphate salts, commercial
herbicide formulations almost exclusively use diquat
dibromide (CAS Registry Number 85-00-7) and para-
quat dichloride (CAS Registry Number 1910-42-5) as
the active ingredients [1]. The corresponding dications
(CAS Registry Number 2764-72-9) and (CAS Registry
Number 4685-14-7), respectively, are shown in Figure 1.
The physical properties of bipyridylium herbicides such
as ease of handling (crystalline salts), low vapor pres-
sure (minimal fumes), high water solubility (easy to
make up spraying solutions), high binding potential
(soil binding causes deactivation and immobilization),
and fast working (once photosynthesis begins) make
them suitable for many agricultural uses. Diquat and
paraquat are registered for a variety of applications
including weed control on orchard floors, preplant
weed killers for many crops, preharvest dessicants on
crops such as potatoes, and aquatic weed control [2].
Over 10,000 kg of diquat/paraquat were used on On-
tario field crops/fruits/vegetables in 1993 [3].
Diquat and paraquat are toxic to algae, fish, and
other aquatic organisms such as crayfish and insects [4].
Acute oral LD50 (rats) for diquat (400 mg/kg) and
paraquat (155 mg/kg) are relatively low [5]. The ad-
verse health affects of acute and chronic exposure to
humans are well documented [6]. Most instances of
poisoning involve the ingestion or inhalation of concen-
trated commercial products. However, there is a poten-
tial for human exposure to diquat and paraquat in the
general population through residues on food crops or
aerial drift and field runoff to aquatic systems during
spraying applications.
The United States Environmental Protection Agency
(USEPA) maximum contamination levels (MCL) for
diquat and paraquat in drinking water are 20 and 3
mg/L, respectively [7]. The Ontario Drinking Water
Objectives (ODWO) for diquat and paraquat are 70 and
10 mg/L, respectively [8]. The Ontario Provincial Water
Quality Objective (PWQO), aimed at the protection of
all aquatic life, for diquat is 0.5 mg/L [9]. Currently, no
PWQO for paraquat exists.
Because diquat and paraquat exist as doubly charged
cationic species in solution, they are prone to sorptive
interactions and present unique analytical challenges. A
wide variety of analytical techniques have been used for
Address reprint requests to Dr. Vince Y. Taguchi, Ministry of the Environ-
ment, 125 Resources Road, Etobicoke, Ontario Canada M9P 3V6. E-mail:
taguchvi@ene.gov.on.ca
Crown copyright 1998. Published by Elsevier Science Inc. Received November 18, 1997
1044-0305/98/$19.00 Revised March 18, 1998
PII S1044-0305(98)00043-9 Accepted March 19, 1998
analysis from simple colourimetry [10] through com-
plex ion-exchanges [11] and derivatizations [12] to
immunoassays [13]. Preparation techniques such as
solid phase C8 and C18 disk extraction [14, 15] and solid
phase silica and CN cartridge extraction [16, 17] have
been combined with LC-photodiode array [18], LC-UV
[19], GC-N/P [12], GC-MS, and LC-MS [20] detection.
Early applications of LC or flow injection combined
with mass spectrometry utilized fast atom bombard-
ment tandem mass spectrometry (FAB MS/MS) [21],
thermospray (TSP) mass spectrometry [22] and particle
beam (PB) mass spectrometry [23]. More recently, ap-
plications using capillary electrophoresis-electrospray
mass spectrometry [CE-(ES)MS] [24, 25] have been
reported. USEPA Method 549.1 employs reversed-
phase/ion-pair extraction utilizing C8 SPE cartridges or
disks to isolate diquat and paraquat from drinking
waters followed by ion-pair LC with ultraviolet (UV) or
photodiode array (PDA) detection [15]. Marr and King
[26] have developed an LC/(IonSpray) MS/MS method
for diquat and paraquat in water that required no
sample concentration. With no concentration factor,
their detection limits were 1 mg/L for diquat and 5
mg/L for paraquat.
In developing an LC-(ESI)MS method for diquat and
paraquat, chromatographic conditions from existing
LC-UV methods could not be directly adapted as they
typically employed nonvolatile buffers or nonvolatile
ion-pairing reagents. The flow rates for our (ESI)MS
system with an on-axis electrospray probe were limited
to approximately 50 mL/min. This precluded the use of
2.1- or 4.6-mm-i.d. LC columns unless the effluent were
split. The availability of 1-mm-i.d. columns was another
limitation. The LC was used in the isocratic mode with
the 1-mm-i.d. column because of reproducibility and
equilibrium problems associated with running gradi-
ents at ,50 mL/min. The main objectives were to
minimize the number of reagents in the sample prepa-
ration procedure, to simplify the chromatographic sys-
tem and to ensure compatibility of the chromatographic
system with the electrospray process. The technology
described in this paper was developed on a tandem
hybrid mass spectrometer at a resolving power (RP) of
1000 to make it transferrable to quadrupole and ion trap
mass spectrometers. HRMS and MS/MS are options
that can be explored for additional specificity. MS/MS
has already been demonstrated on a triple sector (BEB
configuration) mass spectrometer (ZAB-3F) by Tondeur
et al. [21] and on triple quadrupole mass spectrometers
by Moyano et al. [25] (Finnigan MAT TSQ 700) and by
Marr and King [26] (Sciex API III).
Experimental
Materials and Suppliers
Diquat dibromide monohydrate (99%) and paraquat
dichloride trihydrate (99%) were obtained from Riedel-
de-Hae¨n Pestanal (Caledon Laboratories, Georgetown,
ON). d4-Diquat dibromide and d8-paraquat dichloride
were obtained from CDN Isotopes (Pointe Claire, QC).
Acetic acid (reagent grade), acetonitrile (HPLC grade),
methanol (HPLC grade), and isopropanol (HPLC
grade) were obtained from Caledon Laboratories. Trif-
luoroacetic acid (TFA), pentafluoropropionic acid (PF-
PrA), heptafluorobutyric acid (HFBA), triethylene gly-
col (TEG), polyethylene glycol (PEG) 200, PEG 300, and
PEG 400 were obtained from Sigma-Aldrich Canada
(Oakville, ON). Propionic acid was obtained from
Fisher Scientific (Unionville, ON). High purity water
was obtained from a reverse osmosis/ion ex-
change/UV system (Biolab Equipment Canada,
Oakville, ON). ENVI-8 DSK SPE disks and Sylon CT
silanizing solution were obtained from Supelco Canada
(Oakville, ON). Nylon filters (0.2 m) were obtained from
Chromatographic Specialties (Brockville, ON).
Equipment
The primary LC was a Hewlett-Packard 1090M ternary
gradient system equipped with an autosampler, diode
array detector and a Vectra XM 5/120 Series 4 data
system with ChemStation Rev. A.04.01 software. Post-
column addition of reagents was performed with a
Harvard PHD2000 pump. The guard column was a
1-mm-i.d. 3 50-mm Phenomenex ULTREMEX 3-m C1
and the analytical column was a 1-mm-i.d. 3 150-mm
Phenomenex ULTREMEX 3-m C1. A VG ZAB-EQ tan-
dem hybrid mass spectrometer was equipped with an
electrospray source, upgraded with a pepper-pot coun-
terelectrode and hexapole lens system, and a DEC
VAXstation 4000 with OPUS V3.1/iX software.
Sample Preparation
Samples were collected in 2 3 500 mL polyethylene
terephthalate (PET) bottles. Upon receipt at the labora-
tory, one bottle was spiked with d4-diquat dibromide/
d8-paraquat dichloride. The second bottle was kept in
case analysis of a diluted aliquot was found to be
necessary. Methanol (3 mL) was added to each sample
Figure 1. Dications [M21] of diquat (A), m/z 92, and paraquat
(B), m/z 93.
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before the concentration step. The ENVI-8 DSK SPE
disk was conditioned with 10-mL methanol immedi-
ately before the sample was filtered through it. The disk
was washed with 25-mL water followed by 25-mL
methanol before the analytes were eluted with 12-mL
(2 3 6 mL) 5-M TFA. The eluate was evaporated to
dryness at ;40°C in TurboVap (Zymark) tubes at a total
flow rate of ;2 L/min. The analytes were redissolved in
120 mL of the mobile phase, filtered through a 0.2-m
nylon filter and transferred to a 200-mL polypropylene
insert in a 2-mL vial.
Liquid Chromatography
The mobile phase (7% methanol/93% water/25-mM
TFA) was pumped through the guard and analytical
columns at a flow rate of 40 mL/min. Propionic acid/
methanol (3/1) was added postcolumn at a flow rate of
15 mL/min via a tee. The injection volume was 20 mL.
Because the data systems for the LC and the mass
spectrometry were not linked together, it was necessary
to start both systems manually for each sample.
Mass Spectrometry
The mass spectrometer sectors were tuned to 1000 RP
on m/z 261 of a mixture of TEG/PEG 200/PEG 300/
PEG 400/NaCl. The presence of NaCl produced pre-
dominantly PEGNa ions that were used for the mass
calibrations. This mixture was added by flow injection
via a Valco 6-port valve installed between the analytical
column and the postcolumn tee. To monitor the appro-
priate ions for each analyte and its isotopically labeled
analog, the magnet was held constant and the acceler-
ating voltage was switched within a narrow range. The
“magnet calibration” was done by setting the “Magnet
Limits” on the data system to maximize the signal
strength of m/z 261 on the oscilloscope. To monitor
diquat (m/z 183) and d4-diquat (m/z 186) at a constant
magnet setting, a voltage calibration was necessary
using m/z 173 and 217 (encompassing the ions of
interest) of the TEG/PEG 200/PEG 300/PEG 400/NaCl
mixture. Voltage calibration masses for paraquat (m/z
299) and d8-paraquat (m/z 307) were m/z 261, 305, and
349. Electrospray parameters were as follows: nitrogen
nebulizer gas ;16 L/h, nitrogen bath gas ;400 L/h,
bath gas heater ;65°C, accelerating voltage 4 kV. Dwell
times were 980 ms with delay times of 20 ms.
Data Analysis
A method blank (MB), 9 method recovery (MR) samples
(0.21 to 7.0 mg/L) and 2 spiked control (SC) samples
(0.42 and 5.2 mg/L) were run with each set of samples.
Calculations were performed by interpolating a linear
response between adjacent MR samples. Results were
reported as the diquat dication (CAS Registry Number
2764-72-9) and the paraquat dication (CAS Registry
Number 4685-14-7) to be compatible with the toxicolog-
ical data and the ODWOs and PWQO.
Results and Discussion
Initial studies on the electrospray ionization of diquat
and paraquat were compared with the FAB MS exper-
iments done by Tondeur et al. [21]. In the FAB MS
spectra, the major ions observed for diquat and para-
quat were the radical cations [M1z] at m/z 184 and 186,
respectively, derived from the dications [M21] via one-
electron reductions. In our ESI studies using 50% ace-
tonitrile/50% water/1% acetic acid, the base peaks
observed were the [M21 2 H1] ions at m/z 183 and 185,
respectively. A number of serially diluted standards
were run under these conditions and, from these exper-
iments, it was determined that the detection limits
required to meet the ODWO and PWQO could not be
met without concentration of the analytes from the
water samples. Tondeur et al. [21] also observed the
singly charged ion pairs at m/z 263/265 [M21/Br2] for
diquat and m/z 221/223 [M21/Cl2] for paraquat. The
precedence for formation of these ion pairs was inves-
tigated in our ESI studies to determine if singly charged
ion pairs could be used for quantitation purposes.
In designing the sample concentration procedure, it
was important to recognize that diquat and paraquat
are adsorbed onto glass surfaces. Therefore, all glass-
ware contacting diquat/paraquat was silanized. Where
possible, polypropylene or polyethylene terepthalate
(PET) labware was used. Samples were collected in
500-mL PET containers. Concentration procedures on
SPE cartridges and disks were investigated. Existing
methods of concentration included ion-pairing tech-
niques [15] or direct adsorption followed by elution
with a strong acid such as 6N HCl [17]. However, HCl
attacks the stainless steel in an LC system and cannot be
used. As an alternative, a volatile acid of comparable
pKa was sought. TFA was found to be a practical
substitute for HCl. Diquat and paraquat were isolated,
without ion-pairing agents, on ENVI-8 DSK SPE disks
and eluted with 5-M TFA. The eluate was evaporated to
dryness overnight on a TurboVap using high purity air.
The analytes were redissolved in the mobile phase of
the chromatographic system. Air was proposed as a
cost-effective alternative to nitrogen for the TurboVap.
The possibility of oxidation of the analytes was consid-
ered. However, biological processes demonstrate that
direct oxidation of the dications does not occur. On the
contrary, reduction occurs followed by oxidation. It is
known that the herbicidal properties of diquat and
paraquat are dependent on free radical formation. Bi-
pyridylium salts readily undergo electron reduction to
stable but oxygen-sensitive radical cations. The radical
cations can then be oxidized to form superoxide radical
anions and hydrogen peroxide molecules. Reactive su-
peroxide radicals disrupt the structure of cell mem-
branes, through lipid peroxidation, making the mem-
branes porous and allowing the cell contents to escape
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[27]. Therefore, it is unlikely that the dications are
oxidized directly during the concentration step with air.
Particulates in the sample were not filtered and ana-
lyzed separately. The particles and the solution were
analyzed simultaneously using the procedure described
in this paper.
The chromatography was developed on 1-mm-i.d.
columns that were compatible with the 10–50 mL/min
flow rates that were typical for our electrospray source.
Nonvolatile ion-pairing reagents could not be used with
our on-axis electrospray probe even though a pepper-
pot counterelectrode was used. Because TFA was used
in the sample preparation procedure, it was investi-
gated as an ion-pairing agent for the chromatography
and the electrospray ionization. Janecek et al. [28] have
demonstrated that the ion-pairing properties of fluori-
nated acids enhance liquid chromatographic separa-
tions. Kuhlmann et al. [29] described the ion-pairing
properties of TFA in the electrospray ionization process.
Baseline separation was achieved on a 1-mm-i.d. C1
column with a mobile phase consisting of 7% metha-
nol/93% water/25-mM TFA at a flow rate of 40 mL/
min with postcolumn addition of propionic acid/meth-
anol (3/1) at a flow rate of 15 mL/min. This separation
was essential because the single ions monitored at m/z
183 and m/z 299 for diquat and paraquat, respectively,
could not be optimized for signal strength using voltage
switching alone. The change in accelerating voltage
would have been .160% and the corresponding drop in
sensitivity for the higher mass ions would have resulted
in unacceptably high detection limits. Instead, the target
ions were monitored by switching the magnet between
chromatographic peaks and by voltage switching
within each group of ions to monitor the unlabelled and
deuterium-labeled analytes.
The structures of the diquat ion at m/z 183 and the
paraquat ion at m/z 299 are shown in Figure 2. Their
corresponding mass spectra are shown in Figure 3.
Diquat preferentially forms the [M21 2 H1] ion as the
base peak by a mechanism similar to that proposed by
Song and Budde [24] for the formation of the [M21 2
H1] ion for paraquat. Paraquat preferentially forms an
ion pair [M21/2X] as the base peak with a reduced
charge state of 11. Ion pairing of diquaternary ammo-
nium salts with TFA have been reported by Wang and
Cole [30]. They found that the presence of trifluoroac-
etate caused a strong affinity to the dication and this
affinity resulted in a lower charge state in the ESI mass
spectra. Ion pairing of diquat and paraquat had been
reported previously by Tondeur et al. [21] in FAB mass
spectra. The diquat ion pair [M21/2Br] at m/z 263/265
is a significant ion by flow injection analysis (FIA) but is
not detected by chromatography on a C1 column. This
suggests that the bromide exchanges with trifluoroac-
etate and diquat is chromatographed as the di-trifluoro-
acetate. This counterion exchange process would also
occur for paraquat and would facilitate the ionization of
paraquat as the mono-trifluoroacetate ion pair. Because
of the preponderance of propionic acid present at the
electrospray probe tip (20%), adducts of propionic acid
with diquat [183174] and with paraquat [299174] are
formed. Other adducts can be observed at m/z 329 and
m/z 445, respectively. These adducts [1146] may arise
from a propionic acid/water cluster [741(4 3 18)]. The
intensities of the adducts relative to the base peak are
variable. However, this variability did not affect the
quantitation that was done using the base peaks. Table
1 shows the comparative study of the correlation be-
tween the mobile phase composition and the ions
produced in the ESI process. The formation of the base
peak [M21 2 H1] for diquat is independent of the
acids/salts in the mobile phase. Formation of the base
peak [M21/2X] for paraquat is dependent on the avail-
ability of a suitable counterion. Paraquat forms ion
pairs with chloride, acetate, trifluoroacetate, pentaflu-
oropropionate, and heptafluorobutyrate. Baseline sepa-
ration of diquat and paraquat on the C1 column was
achieved using either TFA or HFBA. However, TFA
was chosen because it is more volatile and less odorif-
erous. The mobile phase composition of 7% methanol/
93% water/25-mM TFA permitted the analysis of di-
quat and paraquat in 20 min. A typical chromatogram is
shown in Figure 4.
Our experiments with acetonitrile/water/acetic acid
were compared with previously published work. The
ionization of diquat to form the [M21 2 H1] ion at m/z
183 is consistent with the work of Song and Budde [24]
who found that the ion at m/z 183 was the base peak
with ammonium acetate, formate, and citrate. With
acetic acid and sodium acetate, the base peaks were the
doubly charged ion at m/z 92. With ammonium bicar-
bonate, the ratio of m/z 92 to m/z 183 was 1:1. Moyano
et al. [25] observed the doubly charged ion at m/z 92 as
well as the one electron reduction of the dication to the
[M1z ] at m/z 184 and [M1z 2 H] at m/z 183 which was
the base peak. Song and Budde determined that this one
electron reduction was due to the capillary electro-
phoresis (CE) rather than the electrospray process.
Tondeur et al. [21] used FAB MS and obtained the [M1z ]
at m/z 184 as well as the diquat monobromide at m/z
263/265. For paraquat, Song and Budde obtained re-
sults analogous to that for diquat. The base peaks
Figure 2. [M21 2 H1] of diquat (A), m/z 183, and [M21/
2OOCCF3] of paraquat (B), m/z 299.
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Figure 3. Mass spectra of 880 ng diquat (A) and 1035 ng paraquat (B).
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Table 1. Electrospray ions obtained for diquat and paraquat as a function of mobile phase composition. Base
peaks (BP) are indicated.
Mobile phase Diquat ions Paraquat ions
50% CH3CN 245 [M
21/2OOCCH3]
50% H2O 263/265 [M
21/Br2] 221/223 [M21/Cl2]
11% CH3COOH 183 [M
21 2 H1] (BP) 185 [M21 2 H1] (BP)
92 [M21] 171 [M21 2 CH3
1]
93 [M21]
5% CH3CN 245 [M
21/2OOCCH3] (BP)
95% 10 mM NH4
12OOCCH3/H2O
11% CH3COOH 183 [M
21 2 H1] (BP)
7% CH3OH 329 [1831146 adduct] 445 [2991146 adduct]
93% H2O 257 [183174 adduct] 373 [299174 adduct]
25 mM CF3COOH 299 [M
21/2OOCCF3] (BP)
1postcolumn 183 [M21 2 H1] (BP) 185 [M21 2 H1]
75% C2H5COOH/25% CH3OH 93 [M
21]
7% CH3OH 329 [1831146 adduct] 495 [3491146 adduct]
93% H2O 257 [183174 adduct] 423 [349174 adduct]
25 mM C2F5COOH 349 [M
21/2OOCC2F5] (BP)
1postcolumn 183 [M21 2 H1] (BP) 185 [M21 2 H1]
75% C2H5COOH/25% CH3OH 93 [M
21]
7% CH3OH 329 [1831146 adduct] 545 [3991146 adduct]
93% H2O 257 [183174 adduct] 473 [399174 adduct]
25 mM C3F7COOH 399 [M
21/2OOCC3F7] (BP)
1postcolumn 183 [M21 2 H1] (BP) 185 [M21 2 H1]
75% C2H5COOH/25% CH3OH 93 [M
21]
Figure 4. Composite chromatogram of 85 ng of diquat (9.48 min) (m/z 183) and 101 ng of paraquat
(14.21 min) (m/z 299).
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observed with ammonium acetate, formate, and citrate
were the [M212H1] ion at m/z 185, whereas the base
peaks with acetic acid and sodium acetate were the
doubly charged ion at m/z 93. With ammonium bicar-
bonate, the ratio of m/z 93 to m/z 185 was 1:1. Moyano
et al. obtained the doubly charged ion at m/z 93, the
one electron reduction of the dication to the [M1z ] at
m/z 186 (base peak) and [M1z 2 zCH3] at m/z 171.
Tondeur et al. obtained the [M1z ] at m/z 186 as well as
the [M1z 2 zCH3] at m/z 171 and paraquat monochlo-
ride at m/z 221/223 with FAB MS. In contrast to our
experiments, Marr and King [26] obtained the [M21 2
H1] and [M1z ] ions for both diquat and paraquat using
20% acetonitrile/80% 10 mM HFBA in water on a Sciex
API III with IonSpray.
TFA was found to be necessary to provide satisfac-
tory chromatography of diquat and paraquat as well as
providing the counterion for the ionization of paraquat.
The presence of TFA also causes signal suppression in
ESI because of the formation of ion pairs that appear as
“neutrals” to the electrospray process [29]. For diquat
and paraquat to appear as neutrals, the dications must
form ion pairs with two trifluoroacetates. The results in
Table 1 suggest that, during the electrospray process,
diquat loses both trifluoroacetates, whereas paraquat
retains one trifluoroacetate. Therefore, the paraquat
mono-trifluoroacetate ion pair must be stronger than
the diquat mono-trifluoroacetate ion pair. To counteract
the signal suppression, a solution was proposed by
Kuhlmann et al. [29]. Their solution consisted of the
postcolumn addition of 75% propionic acid/25% iso-
propanol in a ratio of 1:2 with the column flow. The
addition of a weak acid (propionic acid) with a lower
volatility than TFA allows the TFA to evaporate out of
the droplet faster than the weak acid. The acid equilib-
rium is shifted towards deprotonation of the weak acid
and protonation of the trifluoroacetate anion. The shifts
in these equilibria result in the break-up of the “neutral”
ion pairs. For our method, 75% propionic acid/25%
methanol was added at 15 mL/min to the 40 mL/min of
the mobile phase and this ratio of 15:40 provided
satisfactory performance. With this ratio, significant
amounts of propionic acid adducts to diquat and para-
quat were observed. With a 5:40 ratio, the relative
amounts of propionic acid adducts were reduced by a
factor of ;2; however, the signal strength of the selected
ions was reduced by a factor of ;7. The ratio of 15:40
represented a balance between signal strength of the
quantitation ion and the relative ratio of the quantita-
tion ion to the adduct ion. Methanol was used instead of
isopropanol to minimize changes to the mobile phase at
the tee.
Because single ion monitoring at 1000 RP was used,
the presence of interfering ions was investigated. Inter-
ferences were present in C8 and C18 SPE cartridge (500
and 1000 mg) extracts when high concentrations of TFA
were used for elution. The major ions were at m/z
297/299 and their presence caused a high baseline and
poor signal strength for paraquat mono-trifluoroacetate
at m/z 299. These interferences were difficult to flush
completely from the polyetherether ketone (PEEK) tub-
ing and the C1 column. When ENVI-8 DSK SPE disks
were eluted with up to 50% TFA, no interferences were
observed at m/z 299.
Calibration curves for diquat and paraquat are illus-
trated in Figure 5. The working range of the method is
limited by the capacity of the 1-mm-i.d. column. The
chromatographic peak widths increase as the concen-
trations of the analytes increase and the separation
between the components decreases. The chromato-
graphic conditions were chosen to accommodate a large
(20 mL) injection volume for maximum signal strength.
The working range was set to maintain baseline sepa-
ration of the components. If a sample were found to
have a concentration above the working range, an
aliquot from a second bottle (not spiked with d4-
diquat/d8-paraquat) would have been diluted and
taken through the entire sample preparation procedure.
Quantitation was done by isotope dilution by interpo-
lating a linear response between adjacent MR samples.
This is necessary because the calibration curves are
nonlinear. The nonlinearity can introduce some bias;
however, complex curve-fitting equations are avoided.
The bias introduced would be the difference between
the linear and curve-fitting equations. Accuracies of 6%
for diquat and 3% for paraquat demonstrate that the
biases are small. As mentioned previously, the presence
of 20% propionic acid in the electrospray probe tip
resulted in the formation of adducts with diquat and
paraquat. Reduction of the relative amount of propionic
acid still resulted in nonlinear curves.
Surface and drinking water samples, representative
of typical Ontario water quality parameters were se-
lected to assess analyses from spiked matrix samples.
Waters having a wide range of pH, alkalinity, conduc-
tivity, total solids, and total organic carbon composi-
tions were spiked with diquat and paraquat at 3.74
mg/L and then analyzed in duplicate. The comparisons
between expected and experimental concentrations of
diquat and paraquat in conjunction with the water
quality parameters for these spiked matrix samples are
shown in Table 2. The experimental results correlate
well with the expected results except for some high
diquat results. There appears to be a correlation be-
tween the high results and conductivity, alkalinity, and
total solids. To date, neither diquat nor paraquat has
been detected in drinking water samples from Lake
Ontario.
Problems with calculation of detection limits have
been discussed by Gibbons [31] and he refers to earlier
work by Currie [32]. In our ministry, the detection
limits were calculated based on the Municipal/Indus-
trial Strategy for Abatement (MISA) protocol for the
province of Ontario [33]. The detection limits were
calculated to be 0.1 mg/L for diquat and 0.2 mg/L for
paraquat based on the corresponding dications. Preci-
sion was determined from 30 samples at 2 spike levels,
0.429 mg/L/5.57 mg/L for diquat and 0.571 mg/L/7.43
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mg/L for paraquat. The between-run precision was 14%
for diquat and 12% for paraquat. The between-run
accuracies, calculated from the precision data, were 6%
for diquat and 3% for paraquat. Average recoveries
(range) were 32% (26% to 36%) and 66% (46% to 85%),
respectively. The stability of the electrospray system,
from injection to injection, contributed to the variability
in the absolute signal response used to calculate the
recoveries. To determine the sources of low recoveries,
a set of filtrates was evaporated to dryness and ana-
Figure 5. Calibration curves for diquat (A) and paraquat (B).
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lyzed. No breakthrough was observed for 500-mL sam-
ples. A second elution of the ENVI-8 DSK SPE disks
with 5-M TFA did not result in detectable recoveries of
the analytes. Studies with the concentration and trans-
fer steps showed that approximately 25% of the losses
could be accounted for in these steps. With our disk
elution system (5-M TFA), approximately 43% of diquat
and 9% of paraquat are selectively retained on the
ENVI-8 DSK SPE disks.
A comparison of the LC-(ESI)MS method with the
ministry’s LC-UV method [34] for diquat and paraquat,
which was based on EPA method 549.1 [15], was carried
out using spiked high purity water. The results are
shown in Table 3. The uncorrected LC-UV results are
low. When corrected for recovery, the LC-UV results in
the 10–90 mg/L range show excellent correlation with
the LC-(ESI)MS results. At low concentrations (;2
mg/L), the recovery correction for the LC-UV method
appears to be low. The detection limits for the minis-
try’s LC-UV method [34] were 1 mg/L for diquat and
0.5 mg/L for paraquat. With the LC-(ESI)MS method, a
batch of 24 samples, 9 method recovery (MR) samples,
2 spiked control (SC) samples, and 1 method blank
(MB) can be processed in ,3 days. This turnaround
time can be reduced with automated instrumental anal-
yses. The ministry’s LC-UV method is more productive
but the detection limits are higher. Marr and King’s
LC-(IonSpray)MS/MS method [26] had detection limits
of 1 and 5 mg/L, respectively, with no sample concen-
tration. The detection limits for the LC-(ESI)MS method
of 0.1 mg/L for diquat and 0.2 mg/L for paraquat meet
the ODWOs of 70 and 10 mg/L, respectively, and the
PWQO for diquat of 0.5 mg/L.
Conclusions
A method for the analysis of diquat and paraquat in
water was developed using ENVI-8 DSK SPE disks for
sample concentration followed by liquid chromatogra-
phy on a C1 reversed-phase column and electrospray
ionization mass spectrometry. The sample preparation
procedure is compatible with the chromatographic sys-
tem which, in turn, is compatible with the electrospray
ionization process. The detection limits obtained were
sufficient to meet the ODWOs for diquat and paraquat
and the stringent PWQO for diquat. Comparison of the
LC-(ESI)MS method with the ministry’s LC-UV method
showed excellent correlation on spiked high purity
water samples. These comparative data, together with
the spiked matrix results, illustrate the utility of the
isotope dilution method of quantitation for matrices
where the recoveries are not known and/or are vari-
able. This technology is transferrable to quadrupole and
ion trap mass spectrometers.
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